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The insulating layers of myelin membrane wrapped
around axons by oligodendrocytes are essential for
the rapid conduction of nerve impulses in the central
nervous system. To fulfill this function as an electrical
insulator, myelin requires a unique lipid and protein
composition. Here we show that oligodendrocytes
employ a barrier that functions as a physical filter
to generate the lipid-rich myelin-membrane sheets.
Myelin basic protein (MBP) forms this molecular
sieve and restricts the diffusion of proteins with large
cytoplasmic domains into myelin. The barrier is
generated from MBP molecules that line the entire
sheet and is, thus, intimately intertwined with the
biogenesis of the polarized cell surface. This system
might have evolved in oligodendrocytes in order to
generate an anisotropic membrane organization that
facilitates the assembly of highly insulating lipid-rich
membranes.
INTRODUCTION
Cellular membranes fulfill a wide range of specific functions and
consequently differ in their composition and organization. The
myelin membrane is produced by oligodendrocytes in the cen-
tral nervous system (CNS) as a highly specialized plasma
membrane that is wrapped around axons forming a multilayered
sheath, which allows saltatory impulse propagation and main-
tains long-term integrity of the axon (Sherman and Brophy,
2005; Simons and Trotter, 2007; Emery, 2010; Nave, 2010).
One of the prominent features that distinguish myelin from other
membranes is its high lipid-to-protein ratio. A specific set of
lipids accounts for 78% of the dry weight of myelin, which is
likely the physical basis for its important function as an electricalDevelopmeninsulator. Strikingly, only few proteins reside within compacted
myelin, of which myelin basic protein (MBP) and the proteolipid
proteins (PLP) are the most abundant. Furthermore, myelinated
axons are ordered into a series of distinct subdomains with
specific molecular compositions (Salzer, 2003; Salzer et al.,
2008; Susuki and Rasband, 2008). These domains, which
include the paranodal loops and the juxtaparanodes, harbor
specific molecules such as the 155 kDa isoform of neurofascin
(NF155) and the adhesion molecule TAG-1 in the glial membrane
(Tait et al., 2000; Poliak et al., 2003). In addition to this longitu-
dinal polarity, myelin is also asymmetric in a radial dimension.
The inner membrane of myelin in contact with the axon contains
for example the myelin-associated glycoprotein (MAG) and the
nectin-like protein (NECL-4) that are absent from the outer layers
(Maurel et al., 2007; Quarles, 2007; Spiegel et al., 2007).Whereas
substantial progress has been made in identifying the key mole-
cules required for the formation of these subdomains, little is
known about the mechanisms of how the bulk of the compacted
myelin membrane is generated. In general, biological organiza-
tion occurs in two steps: the biosynthesis of molecules followed
by the assembly of the components into organized structures.
Here, we address the assembly process and aim to answer the
question of how oligodendrocytes polarize their cell surface to
generate a lipid-rich plasma membrane.
We show that oligodendrocytes employ a barrier that func-
tions as a physical filter to generate lipid-rich myelin-membrane
sheets. MBP is required to form thismolecular sieve and restricts
the diffusion of proteins with large cytoplasmic domains into
myelin. These results identify a mechanism of how a cell regu-
lates its protein-to-lipid ratio during cell surface polarization.
RESULTS
Characterization of the Cellular System for Studying
the Biogenesis of Myelin-Membrane Sheets
The myelin sheath consists of two distinct areas with specific
molecular compositions: large regions of compacted membrane
(compact myelin) and a channel-like system of noncondensedtal Cell 21, 445–456, September 13, 2011 ª2011 Elsevier Inc. 445
Figure 1. Characterization of the Cellular System to Analyze Biogenesis of Myelin-Membrane Sheets
(A and B) Oligodendrocytes were immunostained for MBP (green) and MAG (red) to resolve myelin-membrane sheets. MAG is almost excluded from the MBP-
positive membrane sheets, as shown by the intensity profile plots. Scale bar represents 10 mm.
(C and D) MAG, CNPase, actin and tubulin (all in red) do not localize to membrane sheets stained for MBP (green). F-actin was visualized by rhodamine-labeled
phalloidin. Scale bar represents 10 mm.
(E and F) AFM was used to determine the thickness of myelin-membrane sheets in buffer solution. Left, using fluorescence microscopy, membrane sheets were
identified by staining for MBP (green) and the cell body/process by staining for CNPase (red). The white line indicates a height profile taken from AFM topographs
(tapping mode; right side). These height measurements revealed an average thickness (height) of 44.0 ± 8.4 nm (n = 6 cells) between the coverslip and the MBP-
positive membrane sheet surface. Comparable height profiles were obtained using in contact scanning mode AFM shown in Supplemental Experimental
Procedures and Figure S1.
(G) Exogenously expressed red fluorescent protein (RFP) does not localize to membrane sheets stained for MBP (green). Scale bar represents 10 mm.
(H) Schematic view of a reporter construct that allows the distinction of cell-surface MOG from the intracellular localized protein.
(I) For visualization of intracellular MOG, the surfacemyc-tagswere trimmed off with thrombin (0.02 U/ml thrombin in SATO-B27 for 30min) after the expression of
reporter construct in live cells and cell surface MOG was visualized by immunostaining for an HA tag (MOG out, red). The intracellular myc-tags (MOG in, green)
were selectively labeled after fixation and permeabilization. Scale bar represents 10 mm.
(J) Schematic view of the cellular system. MBP-positive sheets are in green; MAG/CNPase positive areas are in red.
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2008; Susuki and Rasband, 2008).
Cell biological studies addressing the targeting of molecules
into these regions are complicated by the fact that myelin,
when wrapped around an axon, is so tightly packed that its
fine structure cannot be easily resolved by light microscopy.
To overcome this inherent difficulty we used as our experimental
system cultures of primary oligodendrocytes that extend large
myelin sheets. We found that this system satisfied many of the
essential requirements necessary to study the formation of com-
pact myelin. First, the myelin-membrane sheets resemble in vivo
compact myelin in composition. The main components of com-
pact myelin—MBP, PLP, and galactosylceramide—localized to
myelin-membrane sheets, from which proteins such as myelin-
associated glycoprotein (MAG) and 2030-cyclic nucleotide446 Developmental Cell 21, 445–456, September 13, 2011 ª2011 Els30-phosphodiesterase (CNPase) that localize to noncompact
myelin were almost excluded (Figures 1A–1C and Figure S1A
available online).
Thus, oligodendrocytes establish cell surface polarity in
culture. Furthermore, analysis of the distribution of cytosolic
components revealed an additional level of cellular polarization.
The myelin-membrane sheets lack an actin cytoskeleton and
microtubules (Figure 1D). In addition, the sheets contain little
cytosol, as shown by the exclusion of cytosolic fluorescent
proteins (RFP and GFP), Myc-thioredoxin and HA-ubiquitin
(with Stokes radii of2.8 nm,2 nm, and1.7 nm, respectively)
(Figure 1G and Figure S1B). Moreover, the ribosomes, the endo-
plasmic reticulum, the Golgi-complex and components of the
fusion machinery are exclusively found in the cell body and/or
the process, but not in the membrane sheets (Figure S1D).evier Inc.
Figure 2. Membrane-Anchorage Is Required for
the Diffusion of a GFP into Membrane Sheets of
shiverer Cells
(A) Oligodendrocytes were prepared from mice lacking
functional MBP (shiverer) and cells were immunostained
for galactosylceramide (O1) to visualize membrane sheets
and for MBP to show its absence in oligodendrocytes from
shiverer mice. In MBP-deficient oligodendrocytes soluble
GFP does not diffuse into the membrane sheets. Scale bar
represents 10 mm.
(B) Quantification of the relative cell area occupied by GFP
in wild-type (WT) and shiverer (Shiv) cells. Bars show
mean ± standard deviation (SD) (n = 20, *** p < 0.001,
t-test).
(C) In MBP-deficient oligodendrocytes, a membrane-
anchored YFP (mem-YFP) is redistributed into the mem-
brane sheets of oligodendrocytes. Scale bar represents
10 mm.
(D) Quantification of the relative cell area occupied by
mem-YFP in wild-type (WT) and shiverer (Shiv) cells. Bars
show mean ± SD (n = 20, *** p < 0.001, t-test).
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the membrane sheets, we designed a reporter construct that
allows the distinction of cell-surface MOG from the intracellular
localized protein. For visualization of intracellular MOG, the
surface myc-tags were trimmed off with thrombin, and the intra-
cellular myc-tags were selectively labeled after fixation and per-
meabilization (Figure 1H). These experiments show that intracel-
lular MOG is completely absent from the membrane sheets, but
readily detected in the cell body and the cellular processes
(Figure 1I).
Weusedatomic forcemicroscopy (AFM) todetermine the thick-
ness of the membrane sheets. These measurements revealed an
average height difference of 44.0 ± 8.4 nm between the coverslip
and the membrane sheet surface (Figures 1E and 1F and Fig-
ure S1C). This thickness of MBP-positive membrane sheets is
too narrow to allow the entry of organelles or vesicular carriers.
Together, these findings demonstrate that cultured oligoden-
drocytes are highly polarized cells forming distinct subcellular
domains: (1) large myelin-membrane sheets that lack cytosolic
elements and are similar to compact myelin in composition
and (2) cellular processes, which resemble the noncompacted
areas of myelin.
MBP Regulates Surface Polarity in Oligodendrocytes
The results above suggested that oligodendrocytes do not
generate cell surface asymmetry by the targeting of specific
transport vesicles directly into the membrane sheets. Lateral
compartmentalization may instead be generated at the plasma
membrane. First we tested the possibility that the actin cytoskel-
eton or microtubules are involved in the selective retention of
CNPase orMAGwithin the cell processes. However, depolymer-
ization of the actin cytoskeleton or microtubules did not lead to
a redistribution of MAG or CNPase into the membrane sheets
(Figures S2A–S2C).Developmental Cell 21, 445–4Next, we explored the role of MBP, a periph-
eral membrane protein which interacts with the
inner leaflet of myelin by electrostatic forces
(Harauz et al., 2009) in establishing cell polarity.To test this possibility, primary oligodendrocytes were prepared
from mice lacking MBP (shiverer) (Roach et al., 1983). Oligoden-
drocytes from shiverer mice developed membrane sheets and
these sheets contained little cytosol as shown by the exclusion
of cytoplasmic GFP (Figures 2A and 2B). In addition, the polar-
ized distribution of the cytoskeleton (F-actin and microtubules)
and intracellular organelles to the cell body and processes was
not notably affected (Figures S2D and S2E).
However, when we analyzed the distribution of a membrane-
anchored YFP (mem-YFP), it localized to sheets of shiverer, but
not of wild-type cells (Figures 2C and 2D). These results show
that membrane-anchorage is required for the diffusion of GFP
into membrane sheets of shiverer cells and suggests that MBP
regulates the distribution of proteins at the plasma membrane.
Next, we explored the targeting of various transmembrane
proteins. We found that the fusion of GFP/YFP to the cyto-
plasmic domains of PLP, MOG, CD9, CD81, and Tetraspanin2
(Tsp2) resulted in their exclusion from membrane sheets of
wild-type, but not of shiverer cells (Figures 3C–3E). In addition,
the noncompact myelin proteins such as CNPase, MAG, and
Septin7 entered membrane sheets of shiverer cells (Figures 3A,
3B, and 3E).
Taken together, our results indicate that MBP regulates the
polarity at the cell surface possibly by the formation of a physical
barrier. The presence of a diffusion barrier can be identified
in FRAP experiments by the lack of exchange between the
two sides of the boundary. Here, these experiments are not as
straightforward because the barrier is part of the forming
myelin-membrane sheets. For the FRAP experiments we there-
fore chose cells in which a fraction of MAG had been incorpo-
rated into the myelin-membrane sheets. MAG was virtually
immobile within these myelin-membrane sheets, but its mobility
dramatically increased in cells from shiverermice that lack MBP
(Figures 3F and 3G).56, September 13, 2011 ª2011 Elsevier Inc. 447
Figure 3. MBP Regulates Surface Polarity in Oligodendroctyes
(A and B) Oligodendrocytes were prepared from mice lacking functional MBP (shiverer) and cells were immunostained for MBP to show its absence in
oligodendrocytes from shiverer mice. Immunostaining for CNPase and MAG in control and MBP-deficient shiverer (Shiv) oligodendrocytes. Scale bar
represents 10 mm.
(C and D) PLP-YFP and Tetraspanin2-GFP (Tsp2-GFP) were expressed into control and shiverer cells. Oligodendrocytes were then costained for MBP (negative
MBP staining in shiverer cells is shown to indicate its absence from the sheets). Scale bar represents 10 mm.
(E) Quantification of the relative cell area occupied by the indicated proteins (CNPase, MAG, Septin7, PLP-YFP, MOG-GFP, CD9-GFP, CD81-GFP, and Tsp2-
GFP) in wild-type (WT) and shiverer (Shiv) cells. In all the cases YFP/GFP is fused to the cytoplasmic domains of the proteins. Bars show mean ± SD (n = 20,
*p < 0.05, ***p < 0.001, t-test).
(F) Oligodendrocytes were sequentially labelled with antibodies against MAG and rhodamine-conjugated Fab fragments. FRAP was measured by bleaching
a squared ROI in membrane sheets of shiverer or control cells, and fluorescence recovery was examined. Typical images are shown. Scale bar represents 10 mm.
(G) The recovery curves are presented in the graph (n = 20).
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into the Myelin-Membrane Sheets
To test the hypothesis of a physical size barrier that filters mole-
cules according to the size of the cytosolic domains, we gener-
ated deletion mutants of noncompact myelin proteins, first by
truncating the entire cytoplasmic domains. Indeed, in contrast
to the full-length protein, S-MAG lacking the cytoplasmic domain
was efficiently targeted to the membrane sheets (Figure 4B). To
determine the critical size of the cytoplasmic domain, serial dele-
tion mutants were constructed (Figure 4A). S-MAG with a 30
amino acid long cytoplasmic domain remained in the pro-
cesses, whereas S-MAG containing only 10 or 20 cytoplasmic
amino acid residues localized to the membrane sheets (Fig-
ure 4G). We further analyzed the targeting of two other proteins,448 Developmental Cell 21, 445–456, September 13, 2011 ª2011 Elswhich are known to localize to the paranodal loops of myelin,
Neurofascin-155 and Tmem10 (also known as Opalin) (Tait
et al., 2000; Charles et al., 2002; Golan et al., 2008; Yoshikawa
et al., 2008; Kippert et al., 2008). Neurofascin-155 and
Tmem10 have cytoplasmic domains with 109 and 91 amino
acids, respectively. Deletion of the cytoplasmic domains re-
sulted in the redistribution of both proteins into the membrane
sheets (Figures 4C and 4D). We also used FRAP to analyze the
mobility of full-length Tmem10 and truncated Tmem10 (lacking
the cytosolic domain). The mobility of truncated Tmem10 was
exceedingly higher than full-length Tmem10 as shown by the
recovery curves (Figure 4F).
Again, serial cytoplasmic truncations of Neurofascin-155 and
Tmem10 show that the proteins having cytosolic domainevier Inc.
Figure 4. A Size Barrier Restricts Diffusion of Proteins into the Myelin-Membrane Sheets
(A) Schematic view of the different deletion mutants.
(B–D) Immunostaining of oligodendrocytes for exogenously expressed full lengths S-MAG, Tmem10/Opalin, and Neurofascin-155 (Nfas 155) and the corre-
sponding proteins lacking their cytoplasmic domains. The proteins were visualized using Myc/GFP antibodies and costained for MBP. Scale bar represents
10 mm.
(E) Oligodendrocytes were transfected with constructs expressing GFP at the cytoplasmic (MOG-GFP) or at the extracellular domain of MOG (GFP-MOG). Sheets
were visualized by staining for MBP. Scale bar represents 10 mm.
(F) Oligodendrocytes transfected with full-length Tmem10 or truncated Tmem10 lacking the cytosolic domain were sequentially labeled with antibodies against
the myc-tag and rhodamine-conjugated Fab fragments. The recovery curves are presented in the graph (n = 20).
(G–I) Quantification of colocalization of a series of cytoplasmic truncations of S-MAG, Tmem10, and Neurofascin 155 with MBP shows that the size of the
cytoplasmic domains determines localization to myelin-membrane sheets. Bars show mean ± SD (n = 20, *p < 0.05, Kruskal-Wallis ANOVA on ranks).
(J) Addition of GFP to the cytoplasmic (MOG-GFP), but not to the extracellular domain of MOG (GFP-MOG) prevented sheet localization. Bars show mean ± SD
(n = 20, ***p < 0.001, t-test).
(K) A cytosolic HA tag was added either to Tmem10/Opalin with a fully truncated cytosolic domain or to Tmem10/Opalin with 20 cytoplasmic residues. Bars show
mean ± SD (n = 20, ***p < 0.001, t-test).
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and 4I). To discriminate between the contribution of the size of
the cytosolic domain and of possible targeting or retentionDevelopmensignals in the cytosolic domains, we added an HA tag to the trun-
cated cytoplasmic domain of Tmem10. Strikingly, while Tmem10
with only 20 cytosolic residues missorted to the sheets, additiontal Cell 21, 445–456, September 13, 2011 ª2011 Elsevier Inc. 449
Figure 5. Membrane-Anchored GFP Is
Excluded from Compact Myelin In Vivo
Immunoelectron microscopy analysis of optic
nerves from 6-month-old transgenic mice ex-
pressing 13aaPLP-GFP.
(A) GFP antibodies were used to visualize
13aaPLP-GFP. Scale bar represents 200 nm.
(B) Anti-PLP antibodies were used to detect
endogenous PLP. Scale bar represents 200 nm.
(C) Quantification for % of total labeling reveals
enrichment of 13aaPLP-GFP in the periaxonal
region of myelin. Bars show mean ± SD (n = 3
animals). This localization is in complete contrast to
the endogenous PLP localization. A typical image
and quantification of the background staining with
GFP antibodies in wild-type mice is shown in the
Supplemental Experimental Procedures and Fig-
ure S4.
(D and E) Immunoelectron microscopy of optic
nerves from 21-day-old wild-type and shiverer
mice. Staining with CNPase antibodies reveal that
CNPase is mainly found in the inner most tongue
of the myelin sheath in wild-type mice, but not
shiverer mice. Representative pictures of 30
analyzed images are shown. Scale bar represents
200 nm.
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construct restricted its localization to the processes of oligoden-
drocytes (Figure 4K). Furthermore, the addition of a GFP to the
cytoplasmic, but not to the extracellular domain of MOG pre-
vented its diffusion into the membrane sheets (Figures 4E
and 4J).
Because MBP is a highly charged protein, it could also affect
protein sorting through electrostatic repulsion or attraction. We
designed variants ofMAGandTmem10, inwhich thecytoplasmic
domains were replaced by a series of either positively or nega-
tively charged aminoacids. Transport of each of these constructs
into the membrane sheets was not affected, suggesting that
charge is unlikely to play a critical role in this process (Figure S3).450 Developmental Cell 21, 445–456, September 13, 2011 ª2011 Elsevier Inc.Taken together, these data show that
oligodendrocytes employ a physical bar-
rier that acts as amolecular sieve restrict-
ing the diffusion of membrane proteins
with bulky cytosolic domains into myelin-
membrane sheets. To test whether this
mechanism also operates in vivo, we
analyzed the localization of GFP fused to
a 13 amino acid N-terminal fragment
of PLP (13aaPLP-GFP) in a transgenic
mouse (Spassky et al., 2001). Previous
studies have shown that this protein is
membrane-anchored and transported to
myelin, but whether it localizes to non-
compact or to the compact myelin is not
known (Wight et al., 1993).
By immunoelectron microscopy we
observed that 13aaPLP-GFP is highly en-
riched in the periaxonal region of myelin
and almost excluded from compactedmyelin (Figures 5A and 5C). This localization is in complete
contrast to the localization of endogenous PLP (Figures 5B
and 5C) and thus demonstrates that a membrane-anchored
GFP is excluded from compact myelin in vivo, as also observed
in cell culture.
Next, we analyzed the distribution of CNPase in wild-type and
shiverer mice by immunoelectron microscopy. As expected,
CNPase was mainly found in the inner most tongue of the myelin
sheath of wild-type mice (Figure 5D). In contrast, when CNPase
was analyzed in shiverer mice, we observed a homogenous
distribution throughout the myelin sheath confirming that MBP
is involved in restricting CNPase to the cytoplasmic channels
(Figure 5E).
Figure 6. A Biomimetic Membrane System to Reconstitute the Function of MBP In Vitro
(A) Schematic view of membrane-anchored GFP (R3-GFP), which has a stretch of positively charged amino acids at its N terminus and binds to the negatively
charged lipids in the membrane.
(B) Supported lipid bilayers (SLBs) mimicking inner leaflet myelin composition were prepared using mol% of the following lipids: 44% cholesterol, 27% 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (PE), 2% porcine brain L-a-phosphatidylinositol-4,5-bisphosphate (PIP2), 11.5% egg L-a-phosphatidylcholine
(PC), 12.5% porcine brain L-a-phosphatidylserine (PS), 3% sphingomyelin (SM), and 0.1% of 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE)-
Texas Red. First, purified recombinant R3-GFP (7 mM) was added onto the SLBs, followed by the addition of purified recombinant 14 kDa MBP (7 mM) and GUVs
composed of PS and PC in 1:2molar ratios (0.1mol%of DHPE-Texas Redwas used to visualize theGUVs).MBP induced the spreading of theGUVs onto the SLB
and an extrusion of the R3-GFP. Similar results were observed when MBP was added at lower concentration, except that more time was required before
spreading and extrusion was observed (Figure S7G). Scale bar represents 10 mm.
(C) Control experiments were performed as in (B) but in the absence of MBP.
(D) R3-GFP was added after MBP had induced the spreading of the GUVs onto the SLBs. MBP together with the GUVs forms a tight barrier for the diffusion of the
R3-GFP. Scale bar represents 10 mm.
(E) Control experiments were performed as in (D) but in the absence of MBP. Note that not all GUVs contain the same amount of DHPE-Texas Red, possibly
because DHPE-Texas Red diffuses with time from the GUVs (Figure S7H).
(F) Schematic view of the structure of Atto647N.
(G and H) Sphingomyelin labeled with Atto647N either at the fatty acid chain (SM-tail-Atto647N; 5 mg/ml) or at the headgroup (SM-head-Atto647N; 5 mg/ml) was
added to the SLBs. Scale bar represents 10 mm. See also Figure S5.
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In order to address the mechanism of how MBP operates, we
designed a biomimetic membrane systemwith aminimal number
of components. The aimof these experimentswas to analyze how
MBP separates from a membrane-associated GFP. Our in vitro
system was based on supported lipid bilayers (SLBs) with a lipid
composition that mimics the cytoplasmic leaflet of the myelin
membrane (cholesterol 44%, PE 27%, PIP2 2%, PC 11.5%, PS
12.5%, SM 3%) (Inouye and Kirschner, 1988). To produce
a membrane-associated GFP, we designed a GFP fusion protein
with a short cationic region from the Na+/H+ exchanger NHE3 at
the N terminus (Figure 6A). This cationic region is known to bind
to liposomes composed of anionic lipids (Alexander et al.,
2011). The membrane-associated GFP formed a homogenous
protein layer on the SLBs. When MBP was added, membrane-
associated GFP remained homogenously distributed, but wasDevelopmenoccasionally depleted from small regions on the SLBs (data not
shown). Intriguingly, when GUVs (PS and PC in 1:2 molar ratios)
were added on top of the SLB, MBP induced the spreading of
the GUVs onto the SLB followed by the extrusion of the
membrane-associated GFP from these areas (Figure 6B). Similar
experiments that were performed in the absence of MBP re-
vealed that the effect was induced by MBP (Figure 6C). We
used the IgM antibody O4 that reacts against sulfatide to analyze
whether the binding of a protein to two membranes is sufficient
to explain the extrusion of membrane-associated GFP. IgM anti-
body O4 was able to aggregate GUVs (PC:PS:sulfatide [2:1:1] in
mol%) but, in contrast to MBP, did not induce the spreading of
the GUVs onto the SLBs (cholesterol 44%, PE 15%, PIP2 2%,
PC 11.5%, PS 12.5%, SM 3%, sulfatide 12%) and the extrusion
of the membrane-associated GFP (Figures S5D–S5F). These re-
sultsdemonstrate that thecrosslinkingof twomembranesurfaces
by an antibody is not sufficient to mimic the function of MBP.tal Cell 21, 445–456, September 13, 2011 ª2011 Elsevier Inc. 451
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in a different order. When membrane-anchored GFP was added
after MBP had induced the spreading of GUVs onto the SLBs, we
observed thatMBP together with the GUVs formed a tight barrier
for the diffusion of membrane-anchored GFP (Figure 6D; the
control experiment is shown in Figure 6E). Quenching of the
GFP signal was excluded by using unlabeled GUVs (Figure S5B).
To observe the diffusion of lipids, we added sphingomyelin
labeled at the fatty-acid chain with the fluorescent dye Atto647N
(SM-tail-Atto647N) to the SLBs and found that it moved freely
into areas that were nonaccessible to membrane-anchored
GFP (Figure 6G). Similar results were observed when fatty-acid
labeled phosphatidylcholine was used (data not shown). How-
ever, when headgroup labeled sphingomyelin (SM-head-
Atto647N) was used (Stokes radius of the dye: 0.6 nm), the
diffusion into the membrane-anchored GFP depleted areas
was restricted (Figure 6H). Together these experiments show
that the function of MBP as a barrier can be reconstituted in
a biomimetic membrane system with a minimal number of
components. One possible mechanism of how MBP may func-
tion is by polymerizing into higher order structures when bound
to the membranes. To test this prediction, we performed chem-
ical crosslinking experiments. These experiments show that the
binding of MBP to the GUVs results in multimerization (Fig-
ure S5J). Five different crosslinkers gave comparable results.
Control experiments using the R3-GFP that also binds to the
GUVs, show that multimerization is not unspecific as the R3-
GFP was not crosslinked into high ordered oligomers (Fig-
ure S5I). In addition, we used attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) to analyze whether
MBP undergoes a conformational change when bound to both
the bilayers. This type of infrared spectroscopy can assess the
proportion of secondary structure elements of proteins, like
a-helices and b-sheets, in a very thin (1 mm) layer of the sample,
due to internal reflection of the light beam in a crystal (Bauer
et al., 1994). As shown previously, MBP in solution displayed
very low portion of ordered secondary structure, but when
MBP was added onto of SLBs the amount of a-helices and
b-sheets increased abruptly (Figure S5K; Harauz et al., 2009).
Importantly, whenSUVswere added on top of the SLBs, a further
increase in the secondary structure was observed (Figure S5K).
These results provide evidence forMBP undergoing a conforma-
tional change upon binding to the two lipid bilayers. It is, thus,
possible that MBP assembles into a network when bound to
two opposing membranes.
MBP Regulates the Ratio of Proteins to Lipids
in Membrane Sheets
The results above provide a possible explanation of why
compact myelin is lipid-rich and contains such a restricted set
of proteins. To analyze whether MBP indeed regulates the ratio
of proteins to lipids in a membrane, we subjected brains from
shiverermice to a myelin purification protocol (Larocca and Nor-
ton, 2007) and measured the protein and lipid content. Myelin
from shiverer mice had a much higher protein-to-lipid ratio as
compared to myelin membrane preparations from wild-type
mice (Figures 7A and 7B). In addition, PLP in these membranes
prepared from wild-type mice was recovered from fractions of
lower density in gradient centrifugations as compared to shiverer452 Developmental Cell 21, 445–456, September 13, 2011 ª2011 Elsmice, pointing to differences in protein-to-lipid ratios (Figures 7C
and 7D).
Because purified myelin membrane fractions from shiverer
mice might be contaminated by membranes from other sources,
we analyzed the protein abundance in the membrane sheets
of shiverer and wild-type oligodendrocytes in culture. The cell
surface of oligodendrocytes was stained with fluorophore-
conjugated concanavalin A (ConA) or wheat germ agglutinin
(WGA) to label the terminal a-D-mannosyl, a-D-glucosyl resi-
dues, sialic acid, or N-acetyl-glucosamine carbohydrate groups
that are present on many glycoproteins. Membrane sheets
from shiverer oligodendrocytes were labeled more extensively
by fluorophore-conjugated ConA and WGA in comparison to
the sheets from the wild-type cells (Figures 7E–7G). Further-
more, in another set of experiments, surface cysteine residues
were reduced with tris(2-carboxyethyl)phosphine (TCEP) and
then fluorescent maleimide was used to probe for cysteine resi-
dues. These experiments revealed that membrane sheets from
shiverer oligodendrocytes contain a much higher intensity of
fluorescent label than in wild-type membranes, showing that
the protein concentration was elevated in the shiverer sheets
(Figures 7H and 7I). Thus, our results indicate that a simple phys-
ical mechanism regulates protein to lipid ratio in myelin.
DISCUSSION
Cellular specialization occurs inmany cell types by the establish-
ment of cell polarity. Two striking examples are the polarization
of neurons and oligodendrocytes (Sherman and Brophy, 2005;
Barres, 2008; Barnes and Polleux, 2009; Emery, 2010; Taveggia
et al., 2010). Whereas significant progress has been made in the
identification of the molecular machinery underlying the for-
mation of axons and dendrites, very little is known about the
polarization of oligodendrocytes and the generation of myelin
sheaths. While neuronal polarity has mostly been studied with
relatively simple in vitro approaches such as dissociated hippo-
campal and cortical neurons, myelin biogenesis is often investi-
gated in vivo due to the complex interactions between oligoden-
drocytes and neurons that are difficult to reconstitute in cell
culture (Barnes and Polleux, 2009; Nave, 2010). Here, we show
that primary cultures of oligodendrocytes serve as a simple
and useful model for studying the early events of myelin mem-
brane biogenesis. We find that oligodendrocytes extend large
myelin-membrane sheets that lack intracellular organelles and
a cytoskeleton. Strikingly, the cells develop a highly asymmetric
organization of its plasma membrane and we find that MBP is
critically involved in this process. MBP forms a physical barrier
that acts as a molecular sieve to generate cell surface polarity.
Whereas exogenously expressed MBP molecules are efficiently
incorporated into the growing membrane sheets (unpublished
data), many other proteins do not enter the sheets. During the
biogenesis of the sheets, MBP may assemble into a self-associ-
ating protein meshwork forming an impermeable physical barrier
for most proteins.
Importantly, oligodendrocytes from mice lacking MBP still
developmembrane sheets and these sheets contain little cytosol
as shown by the exclusion of cytoplasmic proteins. In fact,
a membrane-anchor is required for the sorting of a cytosolic
protein to membrane sheets of shiverer cells, indicating thatevier Inc.
Figure 7. MBP Regulates the Ratio of Proteins-to-Lipids in Membrane Sheets
(A and B) A biochemical myelin purification protocol was applied on brains from wild-type (WT) and shiverer (Shiv) mice (4–7 weeks old). Total fatty acids and
cholesterol levels were determined by gas chromatography and protein amounts were measured by the Bradford assay. Bars showmean ± SD (n = 6, **p < 0.05,
t-test).
(C and D) Subcellular fractionation of myelin obtained from wild-type and shiverermice, into light, medium, and heavy fractions. PLP was subsequently detected
by western blotting. Bars show mean ± SD (n = 3, *p < 0.05, t-test).
(E and F) Cell surface glycoproteins in oligodendrocytes were visualized by staining with fluorophore-conjugated lectins, ConA and WGA. CNPase was used as
a marker for oligodendrocytes (negative MBP staining in shiv cells is shown for confirmation). Scale bar represents 10 mm.
(G) Quantification of the relative cell area occupied by the indicated lectin in wild-type (WT) and shiverer (Shiv) cells. Bars showmean ± SD (n =20, ***p < 0.001,
t-test).
(H) Cell surface disulfide bonds were reduced with TCEP and then fluorescent maleimide was used to label the cysteine residues of surface proteins through their
free SH groups. CNPase was used as a marker for oligodendrocytes (negative MBP staining in shiverer cells is shown for confirmation). Scale bar represents
10 mm.
(I) Quantification showingmean pixel intensity in arbitrary units (AU) of Alexa-488-conjugatedmaleimide in regions of interest in themembrane sheets of wild-type
and shiverer cells. Bars show mean ± SD (n = 40, ***p < 0.001, Mann-Whitney Rank sum test).
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cytosolic proteins get depleted from the sheets is currently
unknown. Thus, another yet to be discovered machinery is
necessary for the polarization of the cytosol of oligodendrocytes.
It is interesting to compare how different barriers function to
laterally compartmentalize cellular membranes. In most cases
diffusion barriers are required to maintain surface asymmetry
by preventing themixing of molecules that are localized on either
side of the barrier. However, the asymmetry is initially estab-
lished through the polarized transport of proteins and lipids to
the different domains of the membrane (Mellman and Nelson,
2008). Examples are the tight junctions in epithelial cells, the
diffusion barriers at the base of the cilium, at the initial segment
of the axon and at the node of Ranvier (Dragsten et al., 1981;
Winckler et al., 1999; Nakada et al., 2003; Hedstrom et al.,
2008; Caudron and Barral, 2009; Hu et al., 2010; Feinberg
et al., 2010). In oligodendrocytes, the barrier in the compacted
myelin membrane is not only a fence. Because the barrier is
formed fromMBPmolecules that line the entire sheet, the barrier
function is intimately intertwined with the biogenesis of the polar-
ized cell surface. As the membrane sheets do not seem to leave
sufficient space for the entry of vesicular carriers, the separation
of the membrane components must occur at the cell surface.
It is possible that oligodendrocytes extend myelin-membrane
sheets by the lateral flow of myelin components within the
plasma membrane. The biosynthetic trafficking may be directedDevelopmento the surface of the cell body and the processes from where the
diffusion of the proteins into the sheets is at least in part regu-
lated by the size of their cytoplasmic domains. An alternative
to the ‘‘lateral membrane flow’’ model of myelin expansion is
generation of surface asymmetry via extrusion. According to
this model, the molecules initially mix homogenously within the
sheets and are later separated by the extrusion of proteins
with bulky cytoplasmic domains through the function of MBP.
By either of these mechanisms the MBP-based barrier acts as
a molecular sieve that filters molecules based on physical con-
strains. Our model implies that large areas of the sheets must
be covered with MBP. We determined the average cell surface
area by confocal microscopy and used quantitative Coomassie
staining to estimate the amount of MBP (see Supplemental
Experimental Procedures and Figure S7). These calculations
revealed an average of463 106 copies of MBP per cell, which
would be sufficient to cover the entire sheets. One interesting
possibility is that MBP when bound to the membrane polymer-
izes into a close network that may restrict the passage of
molecules.
However, it is clear that more work is necessary to determine
the chemical requirements for the incorporation of proteins and
lipids into myelin. It is likely that specific protein and lipid interac-
tions will be essential in this process. The axon initial segment is
an interesting example showing that barriers can work both
as physical and chemical filters (Song et al., 2009; Rasband,tal Cell 21, 445–456, September 13, 2011 ª2011 Elsevier Inc. 453
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shown that the diffusion of different fluorescently labeled lipids
and transmembrane proteins is limited at the axon initial
segment (Kobayashi et al., 1992; Nakada et al., 2003). A more
recent study reveals size-dependent sorting of cytoplasmic
macromolecules and specific molecular interaction of cyto-
plasmic cargomolecules as sorting principles (Song et al., 2009).
Another important finding of our study was the role of MBP in
determining the low protein-to-lipid ratio in myelin. Whereas
most plasma membranes have protein-to-lipid ratios ranging
from 1.0 to 4.0 (wt/wt), the ratio is particular low in myelin
(0.25) (Singer and Nicolson, 1972). Our results show that
membrane sheets contain much higher protein levels in the
absence of MBP. The most likely explanation for this finding is
that MBP forms a barrier that preferentially filters proteins to
generate a lipid-rich membrane. Further knowledge of the
filtering mechanisms of MBP is likely to give insights into the
question of how myelin acquires its unique molecular composi-
tion. Our study shows that it is possible to advance our under-
standing in these issues in relatively simple cellular model
systems as presented here. Nonetheless, it is clear that unveiling
other aspects of myelin biogenesis may require coculture with
neurons or even in vivo models due to the complex interplay
with neurons or other cells of the CNS. In future studies, it will
be interesting to apply the model presented here in the context
of howmyelin grows as a multilayered structure around an axon.
EXPERIMENTAL PROCEDURES
Antibodies, Plasmids, and Other Reagents
The following primary antibodies were used: mouse monoclonal IgG anti-
bodies against MAG, MOG, GalC (all from Millipore, Billerica, MA, USA),
MBP (Sternberger, Lutherville, MD, USA), CNPase (Sigma-Aldrich, Munich,
Germany), IgM antibodies O1 and O10, anti-PLP (3F4 clone; P6), rabbit poly-
clonal anti-MBP antibodies (DakoCytomation, Carpinteria, CA, USA), Septin7
(Immuno-Biological Laboratories, Japan), GFP (Invitrogen, Darmstadt,
Germany), anti-myc (Sigma-Aldrich), and anti-HA (Abcam, Cambridge, UK).
Secondary antibodies were obtained from Dianova (Hamburg, Germany).
Alexa Fluor 488 C5 maleimide, tris(2-carboxyethyl)phosphine (TCEP), Wheat
germ agglutinin (WGA), Concanavalin A (ConA), and Cell mask orange were
purchased from Invitrogen (Munich, Germany). Information regarding the plas-
mids is available in the Supplemental Experimental Procedures.
Mice, Primary Cell Culture, Transfections, and Treatments
The shiverer mice were maintained on a C57/N background. The genotype of
offspring was determined by PCR. Primary cultures of mouse oligodendro-
cytes were prepared as described previously (Trajkovic et al., 2006). The oligo-
dendroglial progenitors growing on top of a layer of astrocytes were shaken off
and cultured further in minimum essential medium, containing B27 supple-
ment, 1% horse serum, L-thyroxine, tri-iodothyroxine, glucose, glutamine,
penicillin, streptomycin, gentamycin, pyruvate, and bicarbonate (Sato-B27)
on poly-L-lysine-coated dishes or glass-coverslips. Transient transfections
were performed using Lipofectamine 2000 transfection reagent (Invitrogen
GmbH, Darmstadt, Germany) according to the manufacturer’s protocol. For
labeling the surface cysteine residues, cells were treated with tris(2-carbox-
yethyl)phosphine (TCEP), followed by incubation with fluorescent maleimide
(Alexa Fluor 488 C5 maleimide). Cells were then fixed and membrane sheets
were visualized by staining for MBP.
Microscopy and Analysis
Immunocytochemistry was performed as described previously (Trajkovic
et al., 2006). Fluorescence images were acquired on a confocal laser scanning
setup Leica TCS SP2 AOBS (Leica Microsystems, Mannheim, Germany)
equipped with 403 NA 1.25 and 633 NA 1.4 oil plan-apochromat objectives.454 Developmental Cell 21, 445–456, September 13, 2011 ª2011 ElsAt least three independent experiments were performed for each analysis and
20–30 cells imaged in each experiment. Images were processed and analyzed
with the public domain Java-based image processing software ImageJ
(created by Rasband, W.S., National Institutes of Health, Bethesda, MD,
USA). Colocalization of the fluorescent signals was estimated by calculating
Pearson’s correlation coefficient with Intensity Correlation Analysis ImageJ
plugin. Quantification of relative cell surface area occupied by the specific
proteins in MBP-deficient and wild-type oligodendrocytes was performed
with ImageJ using application of threshold from background and defining
cell area, followed by the measurement of the above threshold area fraction.
For fluorescence recovery after photobleaching (FRAP) cells were live stained
with anti-MAG primary antibodies and secondary Fab antibody fragments,
coupled to rhodamine. Photobleaching was performed in five scans with the
561 laser at full power within a rectangular region (zoom-in mode). Pre- and
postbleach fluorescence intensities (2 and 20 scans, respectively) were moni-
tored with25% laser power. Eight-bit images were recorded every 0.657 s at
resolution of 5123 512 pixels, with a scanner speed of 800 Hz. Processing and
analysis of FRAP data was performed as described (Kenworthy, 2007).
Immunoelectron Microscopy
Immunoelectron microscopy was performed as described previously (Werner
et al., 2007). For electron microscopy analysis, optic nerves were fixed over
night with 4% paraformaldehyde and 0.2% glutaraldehyde. The optic nerves
were then proceeded as described (Werner et al., 2007). The samples were
sectioned using a Leica EM FC6 and were labeled with anti-GFP (1:100; Invi-
trogen), anti-PLP (A431, 1:100) and anti-CNPase (1:250; Sigma-Aldrich) anti-
body followed by gold-labeled secondary antibody (size of gold beads,
10 nm, dilution, 1:80, AURION, Wageningen, Netherlands). The sections
were imaged with a Leo 912AB electron microscope equipped with a CCD
camera 2048 3 2048 (Proscan, Scheuring, Germany).
Atomic Force Microscopy
To examine the height profiles of primary oligodendrocytes, the cells were
cultured for 4 days after shake on glass coverslips, fixed in 4% PFA-PBS,
and immunostained for MBP and CNPase (as described in Microscopy and
Analysis). AFM imaging was performed using a JPK Nanowizard AFM (JPK
Instruments, Berlin) mounted on an Axiovert 200 inverted optical microscope
(Zeiss, Germany). Coverslips were mounted into a Coverslip Holder (JPK
Instruments). AFM topographs were recorded in PBS using intermittent
contact mode. AFM cantilevers used had a nominal spring constant of 0.35
N/m and a resonance frequency of 15–20 kHz in buffer solution (SNL, Bruker).
Feedback gains were optimized to get the best resolution of the topographs.
Topographs were recorded at a line rate of 0.4 Hz. Fluorescence images
were collected using a 633 objective and a CoolSNAP-CCD camera (Roper
Scientific, Trenton, NJ). AFM topographs and light microscopy images were
aligned using the direct overlay feature of the AFM software (JPK Instruments).
Thereby, specific regions within fluorescence images and AFM topographs
could be correlated. AFM topographs and fluorescence images were analyzed
using the JPK image processing software. Height profiles were also recorded
in constant force contact mode, maintaining a contact force of z100 pN
throughout the measurement. AFM cantilevers used had a nominal spring
constant of 0.05 N/m (MSCT, di-Veeco). Height profiles were recorded at
scanning rates of 0.03 Hz.
Preparation of Myelin-Membrane Fractions
Isolation of crude and purified myelin fractions was performed as described
(Larocca and Norton, 2007). For preparation of subfractions of different
densities, crude myelin was separated by discontinuous density gradient
centrifugation. Light, medium and heavy subfractions were collected from
0.32/0.62, 0.62/0.7, and 0.7/1 M sucrose interfaces, respectively. Equal
volumes of the fractions were resolved by 15% SDS-PAGE and analyzed by
western blotting; densitometric quantifications of immunoblot signals were
performed with ImageJ Gel Analyzer.
Lipid Analysis
For cholesterol extraction 500 ng of lanosterol was added as an internal stan-
dard for quantification to 6 mg of each myelin sample. Then samples were kept
at 4C for 30 min with methanol/chloroform under constant shaking. After theevier Inc.
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fugation for 15 min at 4C and 13,000 3 g. The lower organic phase collected
and transferred to a glass tube, dried under streaming nitrogen, and subjected
to gas chromatography. The analysis of cholesterol was performed with an
Agilent (Waldbronn, Germany) 6890 gas chromatograph fitted with a capillary
HP-5 column (30 m 3 0.32 mm; 0.25 mm coating thickness; J&W Scientific,
Agilent). Helium was used as carrier gas (1 ml/min). The temperature gradient
was 200C for 1 min, 200C–325C at 20 K/min, and 325C for 7.5 min.
Preparation of methyl esters of fatty acids (FAMEs) for analysis by gas chro-
matography/flame ionization detection (GC/FID) was performed as described
(Miquel and Browse, 1992). For acidic hydrolysis, 1 ml of a methanolic solution
containing 2.75% (v/v) H2SO4 (95%–97%) and 2% (v/v) dimethoxypropane
was added to 6 mg of each of the myelin samples. For the quantification of
the total lipid content, 1 mg of triheptadecanoate standard was added and
the sample was incubated for 1 hr at 80C. To extract the resulting FAMEs,
200 ml of saturated aqueous NaCl solution and 2 ml of hexane were added.
The hexane phase was dried under streaming nitrogen and redissolved with
equal volumes of water and hexane. The hexane phase was filtrated with
cotton wool soaked with NaSO4 and dried under streaming nitrogen. Finally
the samples were redissolved in 10 ml acetonitrile for GC analysis performed
with a Agilent (Waldbronn, Germany) 6890 gas chromatograph fitted with
a capillary DB-23 column (30 m 3 0.25 mm; 0.25 mm coating thickness;
J&W Scientific, Agilent). Helium was used as carrier gas at a flow rate of
1 ml/min. The temperature gradient was 150C for 1 min, 150C–200C at
8 K/min, 200C–250C at 25 K/min and 250C for 6 min.
Supported Lipid Bilayers
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (PE), porcine brain L-a-
phosphatidylinositol-4,5-bisphosphate (PIP2), egg L-a-phosphatidylcholine
(PC), porcine brain sulfatide, and porcine brain L-a-phosphatidylserine (PS)
were obtained from Avanti Polar Lipids as chloroform stocks. Cholesterol
and chicken egg yolk sphingomyelin (eSM) were obtained from Sigma-Aldrich
(Munich, Germany). Atto647n-labeled lipids have been described previously
(Eggeling et al., 2009). The following mol% of lipid mixtures (mimicking inner
leaflet myelin composition) was used at a final concentration of 1 mg/ml, cho-
lesterol:PE:PIP2:PC:PS:SM (44%:27%:2%:11.5%:12.5%:3%). Lipids were
dried in a speed vac and then hydrated in 50 mM HEPES containing
100mMNaCl at 60 for 1 hr followed by sonication until a clear solution of small
unilamellar vesicle (SUVs) was obtained. HellmanexIII detergent (2%) was
used for the cleaning of the coverslips, followed by hydration via multiple
washing steps in MilliQ water. SUVs were then spread onto the cleaned and
hydrated glass coverslips. After washing the unbound lipids with 50 mM
HEPES; either R3-GFP or MBP was incubated for 40 min followed by washing
and addition of giant unilamellar vesicles (GUVs). For the preparation of GUVs,
electroformation method was used, which yields unilamellar vesicles with
diameter ranging from 5 to 100 mm (Kahya et al., 2005). The perfusion chamber
used for vesicle preparation was equipped with two microscope slides, each
coatedwith indium-tin oxide (ITO), which is electrically conductive and exhibits
high light transmission in the visible range. GUVs were grown in the perfusion
chamber at high temperature (60C) in presence of water, as a result of lipid
swelling under an AC field (Garcı´a-Sa´ez and Schwille, 2010; Kahya et al.,
2005).
Expression and Purification of Proteins
To produce GFPwith N-terminally attached lipid binding regions R1-3 of NHE3
(Alexander et al., 2011), Escherichia coli strain TOP10F0 was transformed with
the respective constructs pSF1622 to pSF1624 and grown at 25C to OD600 =
3.0 in TB medium supplemented with 50mg/ml kanamycin. The culture was
induced with 0.15 mM IPTG, cooled down to 18C and further shaken over
night. Before cell harvest, 1 mM PMSF and 5 mM EDTA were added directly
to the culture. Cells were resuspended in buffer HS (1.3 M NaCl, 220 mM
Tris-HCl [pH 7.5], 11 mM MgCl2, 10 mM Imidazole, 2.2 mM EDTA, 10 mM
DTT) and lysed by sonification. After centrifugation for 60 min at 37,000 rpm,
the cleared lysate was applied to a nickel-chelate matrix equilibrated with
buffer HS. After extensively washing with buffer HS and buffer HNS (20 mM
HEPES [pH 7.3], 100 mM NaCl, 250 mM sucrose, 5 mM DTT), bound protein
was eluted by incubation with SUMO protease (20 nM) for 15 min at room
temperature.DevelopmenH14-TEV-MBP14-Cys was expressed from pSF1625 in E. coli strain BLR
harboring plasmid pRil. Cultures were grown in TB medium supplemented
with 50 mg/ml kanamycin and 37 mg/ml chloramphenicol at 37C to OD600 =
6.0, induced with 1 mM IPTG and further shaken at 37C for 6 hr at 37C.
The protein was purified essentially as described for the Nsp1 FG/FxFG repeat
domain (Eisele et al., 2010).
Before cell harvest, 1 mM PMSF (phenylmethylsulfonyl fluoride) and 5 mM
EDTAwere added directly to the culture. Cells were resuspended in 8.3M gua-
nidinium-hydrochloride (Gua-HCl) containing 2mMEDTA and 20mMDTT and
lysed by a single round of freezing and thawing. After centrifugation for 60 min
at 38,000 rpm, the cleared lysate was supplemented with 100 mM Tris/HCl
(pH 8.5) and 1 mM imidazole and applied to a nickel-chelate column. The
column was washed with 7.5 Gua-HCl, 100 mM Tris/HCl (pH 8.5), 1 mM
EDTA, 1 mM imidazole followed by a second wash step with 8 M urea,
20 mM Tris/HCl (pH 8.0), 1 mM EDTA, 1 mM imidazole. Bound protein was
eluted with the same buffer supplemented with 500 mM imidazole, diluted
1:3 with water and applied to a thiopyridine-activated, SH-reactive matrix.
The matrix was washed with 6 M Gua-HCl, 20 mM Tris/HCl (pH 8.0), 1 mM
EDTA, 1 mM imidazole, and eluted with 6 M Gua-HCl, 20 mM Tris/HCl (pH
7.5), 10 mM DTT, applied to a preparative C18 reverse phase HPLC column,
eluted with increasing concentrations of acetonitrile in 0.15% TFA, and
lyophilized.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.devcel.2011.08.001.
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